People with prediabetes have elevated risk for cardiovascular disease, in part, owing to arterial stiffness mediated by low insulin sensitivity. However, the effect the intensity and/or amount (i.e. kilocalories per session) of short-term exercise training on fasting and postprandial arterial stiffness is unknown. We tested the hypothesis that increased intensity and dose (i.e. amount) of exercise would be correlated with reduced fasting and postprandial arterial stiffness in obese adults with prediabetes. After randomization, 31 adults (age 61.4 ± 8.3 years, body mass index 32.1 ± 5.4 kg m −2 ) with prediabetes performed supervised continuous (CONT; n = 17; 70% of peak heart rate) or interval (INT; n = 14; 3 min at 50% of peak heart rate and 3 min at 90% of peak heart rate) cycling training for 60 min day −1 over 2 weeks. The amount of exercise was calculated using regression equations derived from oxygen uptake (V O 2 ) and heart rate. Arterial stiffness [augmentation index (AI) and cartoid-femoral pulse wave velocity], insulin and glucose were determined during a 180 min 75 g oral glucose tolerance test (OGTT) and analysed by the total area under the curve (tAUC) pre-versus post-training. The simple index of insulin sensitivity, (SI IS )OGTT, was calculated; aerobic fitness (peakV O 2 ) and body mass were also assessed. Shortterm training had no effect on weight but did improve peakV O 2 (P = 0.003), glucose tAUC 180min (P = 0.01) and insulin sensitivity (P = 0.002), independent of intensity. The CONT and INT exercise significantly reduced AI 2 h postprandial (P = 0.008) and tAUC 180min (P = 0.03). Reductions in fasted AI were related to exercise dose (trend: r = −0.37, P = 0.055). Increased peakV O 2 was linked to reduced fasted (r = −0.47, P = 0.01) and tAUC 180min AI (r = −0.39, P = 0.05). Decreased AI tAUC 180min was correlated with increased insulin sensitivity (r = −0.50, P = 0.009). Short-term CONT and INT training reduced postprandial arterial stiffness comparably in adults with prediabetes.
INTRODUCTION
Adults with prediabetes have a ∼50% increased risk for cardiovascular disease (CVD) compared with individuals with normal glucose tolerance (Centers for Disease Control and Prevention, 2017) .
Traditional risk factors, such as obesity and dyslipidaemia, fail to explain the mechanism of elevated CVD risk fully in this population, suggesting that other mechanisms must be at play (Heidenreich et al., 2011) . Arterial stiffness has gained recent attention, because it is elevated in people with CVD (Shirwany & Zou, 2010) , prediabetes (Shin, Lee, & Lee, 2011) and type 2 diabetes (Phillips et al., 2010;  c 2018 The Authors. Experimental Physiology c 2018 The Physiological Society Schram et al., 2004) . Arterial stiffness increases CVD risk, in part, by elevating blood pressure and plaque formation, thereby reducing oxygen/nutrient delivery for tissue utilization and function. Fasting arterial stiffness is an independent predictor of future CVD and allcause mortality (Mitchell et al., 2010) , and obese individuals have blunted reductions in arterial stiffness in response to a high-fat meal (Phillips et al., 2010) . Even in healthy adults, arterial stiffness increases in response to an oral glucose tolerance test (OGTT; Credeur et al., 2018) . This is clinically relevant, because the postprandial period is considered a stronger predictor of future CVD than fasting alone (Cavalot et al., 2006) owing, in part, to impaired blood vessel function as a result of hyperglycaemia (Ceriello, 2010) and the promotion of vasoconstriction by chronic hyperinsulinaemia (Greenfield, Samaras, Chisholm, & Campbell, 2007) .
Habitual exercise is established to decrease circulating glucose and improve insulin sensitivity in adults with prediabetes (Malin, Gerber, Chipkin, & Braun, 2012) . Therefore, it would be expected that exercise training also lowers arterial stiffness. Indeed, training decreases fasted arterial stiffness as measured by the augmentation index (AI; also referred to as pulse waveforms) in individuals with obesity (Yang et al., 2011) and type 2 diabetes (Choi et al., 2012; Yokoyama et al., 2004) . It is important to note, however, that individuals lost significant amounts of weight after these exercise interventions, thereby making it difficult to discern the independent effects of exercise to reduce fasting arterial stiffness (Figueroa et al., 2013; Hughes et al., 2012) .
A recent short-term study examined the effects of a 10 day exercise training programme on arterial stiffness, as measured by pulse wave velocity (PWV) and reported that training had no effect on fasting or postprandial arterial stiffness after a mixed meal (Baynard, Carhart, Weinstock, Ploutz-Snyder, & Kanaley, 2009 ). This exercise protocol consisted of moderate-intensity exercise, and recent work suggests that the intensity of exercise, rather than the amount (e.g. kilocalories per session), is linked to decreased arterial stiffness (Baynard et al., 2009; Ciolac et al., 2010; Guimarães et al., 2010) . To date, no study has tested prospectively whether exercise intensity or amount impacts fasting and/or postprandial arterial stiffness in adults with prediabetes.
We recently demonstrated that high-intensity, but not moderateintensity, exercise increased postprandial flow-mediated dilatation in relationship to lower blood glucose in people with prediabetes (Malin et al., 2016) . This observation raises the possibility that exercise intensity might have a unique impact on the efficacy of exercise to lower fasting and/or postprandial arterial stiffness in relationship to insulin sensitivity. Thus, we tested the hypothesis that calorically matched interval (INT) training would improve both fasted and postprandial arterial stiffness more than continuous (CONT) exercise in adults with prediabetes. Secondarily, we tested the hypothesis that an increased amount of exercise, aerobic fitness and insulin sensitivity would be associated with decreased arterial stiffness.
METHODS

Ethical approval
All subjects provided written and verbal informed consent before participating in the study. Study protocols conformed to the Declaration of Helsinki and were approved by the University of Virginia (project no. 17822) Institutional Review Board. The results from this study were not registered in any research database as specified by clause 35 of the Declaration of Helsinki.
Subjects
Thirty-one (INT = 14 and CONT = 17) older (INT = 60.4 ± 7.7 years old and CONT = 61.3 ± 9.0 years old) obese (body mass index: INT = 32.1 ± 5.0 kg m −2 and CONT = 34.5 ± 5.7 kg m −2 ) adults (female
New Findings
• What is the central question of this study?
We compared high-intensity interval versus continuous training on fasting and postprandial arterial stiffness in people with prediabetes.
• What is the main finding and its importance?
We show, for the first time, that exercise improves the augmentation index during the postprandial state, but not the fasted state, in adults with prediabetes. However, the fasted augmentation index improved in relationship to exercise dose, as assessed by kilocalories per session.
Collectively, these findings suggest that short-term exercise can improve arterial compliance in adults with prediabetes. Therefore, lifestyle interventions designed to reduce arterial stiffness could have considerable clinical impact.
INT = 11 and CONT = 13) were recruited from the local community via flyers and screened for prediabetes using a 2 h 75 g OGTT after an overnight fast. The present cohort of individuals was reported previously in our randomized controlled trial on metabolic flexibility and glucose tolerance glucagon-like peptide-1 (GLP-1) agonist). Six individuals reported that they were on statins (CONT, n = 2; INT, n = 4), and one (CONT, n = 1) was taking a diuretic. All subjects underwent a physical examination with resting and exercising 12-lead ECG and biochemical tests to rule out disease.
Metabolic control
Subjects were instructed to refrain from strenuous exercise and caffeine or alcohol consumption within 48 h of testing. Subjects were also instructed to refrain from taking any medications or dietary supplements for 24 h before reporting to the Clinical Research Unit.
Additionally, 24 h before pre-testing, subjects recorded their diets and were told to consume ∼250 g day −1 carbohydrate to minimize influence of diet on insulin action. The day before post-testing, subjects were instructed to follow the same diet logs that they had reported before pre-testing. The last bout of exercise training was performed within ∼24 h before collection of post-intervention data.
Cardiorespiratory fitness and body composition
Peak oxygen uptake (V O 2 peak ) was determined using a continuous progressive exercise test on a cycle ergometer with indirect calorimetry (Vmax CART; Carefusion, Yorba Linda, CA, USA) as recently described . After a ∼4 h fast, body weight was measured to the nearest 0.01 kg on a digital scale with minimal clothing, and body fat and fat-free mass were measured using the InBody 770 Body Composition Analyzer (InBody CO, Cerritos, CA, USA) . Waist circumference was obtained 2 cm above the umbilicus twice using a plastic tape measure and averaged.
Oral glucose tolerance test
After a 10-12 h fast, subjects reported to our Clinical Research Unit for data collection pre-and post-intervention and were instructed to lie supine, undisturbed for ≥5 min, to determine resting heart rate (HR) and blood pressure, averaged over three measurements for data analysis. An I.V. line was placed in the antecubital vein, and blood samples were collected for measurement of glucose and insulin. where G is glucose and I insulin concentration at the respective time point (Bastard et al., 2007) , and glucose tolerance was calculated as the total area under the curve (tAUC) over the 180 min period.
Arterial stiffness
Fasting and postprandial AI was measured by the same investigators by aplanation tonometry using the SphygmoCor XCEL system (v.1.2; AtCor Medical, Itasca, IL, USA) at 0, 60, 120 and 180 min of the OGTT while resting quietly in a semi-supine position in a temperaturecontrolled room. The AI was corrected to a HR of 75 beats min −1 using the manufacturer's software. Carotid-femoral pulse wave velocity (caPWV) was also measured by aplanation tonometry and determined between the carotid and femoral arteries at 0 and 120 min.
Exercise interventions
Subjects completed 12 supervised, work-matched aerobic exercise sessions on a cycle ergometer. Both intensities of exercise were performed for 60 min day −1 over 13 days, and a rest day was provided on day 8 to promote recovery. The first two exercise sessions, however, were performed for 30 and 45 min, respectively, at the desired intensity to ease participants into the intervention. Ad libitum water was provided to the subjects. Submaximal exercise workload was determined from the peak HR obtained during theV O 2 peak test.
Continuous (CONT) exercise consisted of a constant session at 70% of the peak HR, whereas interval training (INT) consisted of subjects completing alternating 3 min intervals at 90 and 50% of their peak HR, respectively. The rating of perceived exertion (RPE) was also measured to approximate exercise intensity.
Energy expenditure during exercise (i.e. exercise dose)
We developed individual linear regression equations of oxygen uptake (V O 2 ) as a function of HR, as previously described by our group, to examine the amount of exercise (Malin et al., 2013) . These regression equations allowed us to compute the averageV O 2 (in litres per minute) for each training session based on the average HR obtained at that particular session. In short, the averageV O 2 was converted into energy units (1 litre of O 2 = 5 kcal) to obtain the energy expended per minute for each session (Jequier, Acheson, & Schutz, 1987) . This value for energy expenditure was summed for each session performed over the 12 days and averaged. The product of average kilocalories per minute and the duration of the exercise bout allowed us to calculate the kilocalories expended per session (i.e. exercise dose). To account for changes in energy expenditure as a function of improved fitness, we applied the pre-interventionV O 2 peak regression equation to days 1-6 and the post-interventionV O 2 peak regression equation to days 7-12 for each subject. This approach allowed us to account for individual differences in the response to exercise. Moreover, in the INT group, the average HR during the 'low' and 'high' intervals (at 30 min each) were used separately to estimate the averageV O 2 (in litres per minute) per session for calculation of interval specific kilocalories expended, which were then summed to provide the total energy expended during each session. A correction factor was developed in a subgroup of individuals undergoing CONT (n = 3) and INT (n = 4) exercise by measuringV O 2 and HR during a training session (i.e. day 7). This correction factor was based on dividing the predicted exercise dose by the measured dose (CONT = 0.80 and INT = 1.04) and was applied to all regression models.
Biochemical analysis
Blood glucose was measured immediately after collection using the oxidase assay (YSI Instruments 2300, Yellow Springs, OH, USA). All other samples were centrifuged for 10 min at 4 • C and 1500 g, and stored at −80 • C until later analysis. Blood samples for measurement of plasma insulin were collected in EDTA tubes with a protease inhibitor (aprotinin) added and analysed by enzyme-linked immunosorbent assay (Millipore, Billerica, MA, USA).
Statistical analysis
Data were analysed using SPSS v.24 (IBM Corp., Armonk, NY, USA).
Of the 31 individuals (n = 17 CONT and n = 14 INT) completing the intervention, three did not have postprandial AI measurements; therefore, only 28 subjects were included for postprandial analysis.
Additionally, only a subset of subjects in CONT (n = 10) and INT (n = 7) had data available for caPWV analysis owing to technical difficulties.
Non-normally distributed data were log arithmically transformed for analysis. Independent, two-tailed Student's unpaired t tests were used to determine baseline group differences. A repeated-measures ANOVA was used to compare group differences after the intervention.
Pearson correlations were used to examine associations. Statistical significance was set at P ≤ 0.05, and data are reported as mean values ± SD.
RESULTS
Intervention characteristics
Exercise session adherence was excellent and not different between CONT and INT (95.9 and 97.1%, respectively; P = 0.63). Although caPWV fasting (m s −1 ) 7 . 3 ± 1.9 7.0 ± 1.6 8.6 ± 3.4 7.6 ± 2.7 0.08 0.29 caPWV 120 min (m s −1 ) 7.0 ± 1.1 6.9 ± 1.9 7.9 ± 3.1 7.3 ± 1.9 0.30 0.43
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Data are mean values ± SD. Abbreviations: BP, blood pressure; caPWV, carotid-femoral pulse wave velocity; HR, heart rate; and tAUC, total area under the curve.
the submaximal HR across exercise sessions was 111.1 ± 11.7 and 121.4 ± 12.0 beats min −1 for CONT and INT training (P = 0.004), respectively, there was no difference in exercise energy expenditure between CONT and INT (388.3 ± 53.6 versus 384.5 ± 65.4 kcal per session, P = 0.87). Estimated kilocalories per session ranged from 255.5 to 497.6 in the CONT group and from 315.3 to 489.7 in the INT group. Moreover, there was no difference in the caloric intake (P = 0.70), carbohydrate (P = 0.78), protein (P = 0.58), fat (P = 0.79) or fibre (P = 0.71) during the 24 h before admission testing before and after the intervention (Table 1) .
Subject demographics
Independent of intensity, exercise training reduced waist circumference (−0.80 ± 2.4%, trend: P = 0.07) but had no effect on body weight (−0.27 ± 1.2%, P = 0.22) or fat mass (0.81 ± 0.49%, P = 0.16). TheV O 2 peak increased by 7.6 ± 11.0% after both interventions (P = 0.003). These data have been reported previously , but they are shown here for ease of interpretation.
Systolic (P = 0.54) and diastolic (P = 0.63) blood pressure did not decrease, although resting HR was lower (trend: P = 0.08) after exercise training (Table 2) . Exercise had no effect on systolic or diastolic blood pressure and HR when assessed at 120 min during the OGTT.
Glucose tolerance and insulin sensitivity
Training had no effect on fasting glucose or insulin, but it did significantly reduce 2 h plasma glucose by 10.0 ± 20.0% (P = 0.009) and tAUC 180min by 6.7 ± 13.7% (P = 0.01), in addition to 2 h plasma insulin (13.3 ± 32.7%, P = 0.04) and tAUC 180min (−10.6 ± 22.9% P = 0.04) as previously reported . Insulin sensitivity assessed by (SI IS )OGTT also increased from 0.1934 ± 0.009 to 0.1973 ± 0.011 (P = 0.002) after both training interventions.
Arterial stiffness
There was no significant effect of exercise on fasted AI (P = 0.52; Figure 1a ). Training significantly reduced 2 h postprandial AI (P = 0.008; Figure 1b ) and AI tAUC 180min (P = 0.03; Figure 1c) , independent of intensity. Fasted caPWV tended to decrease (P = 0.08) after both exercise treatments, but there was no effect on 2 h caPWV (Table 2) .
Correlations
ElevatedV O 2 peak was linked with reduced fasted (r = −0.47, P = 0.01; reporting that 10 days of high-intensity exercise training had no effect on caPWV before or after a mixed meal in obese adults, with or without metabolic syndrome (Baynard et al., 2009) . It is important to note, however, that AI was not assessed in this earlier work, and there was no change in insulin sensitivity (Baynard et al., 2009 ). In contrast, prior work reported in adults with type 2 diabetes that a 3 week exercise intervention significantly decreased fasting carotid and femoral arterial stiffness as assessed by ultrasonography, and this 
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Correlation between improvements in insulin sensitivity [(SI IS )OGTT] and augmentation index (AI) total area under the curve (tAUC) after a 2 week exercise intervention reduction in arterial stiffness was correlated with increased clampderived insulin sensitivity (Yokoyama et al., 2004) . Although it is difficult to reconcile differences between these short-term training studies, our study expands upon this work by showing that systemic stiffness might be more amendable to training-induced adaptation before clinically meaningful weight loss in adults with prediabetes.
There are several possible reasons why exercise training may have reduced postprandial arterial stiffness. Although weight/fat loss has been reported to lower arterial stiffness (Dengo et al., 2010; Jefferson et al., 2016) , and both CONT and INT induced a modest reduction in weight and waist circumference after the intervention, there was no statistical difference in fat loss, and none of these changes was correlated with decreased arterial stiffness.
These findings suggest that exercise reduced postprandial arterial stiffness independent of weight/fat loss. One mechanism that might help to elucidate the effect of exercise on reducing arterial stiffness is through aV O 2 peak -mediated mechanism (Jae et al., 2010) . We report that increases in aerobic fitness were related to lower fasted ( Figure 2a ) and postprandial arterial stiffness (Figure 2b ). Although we did not take biopsies to study vascular adaptation and/or responses to exercise, we speculate that these findings might result from increased arterial structure compliance as a result of increased blood flow and repetitive shear stress (Matsuda, Nosaka, Sato, & Ohshima, 1993) . Indeed, increased fitness is associated with AMPK and Peroxisome proliferator-activated receptor-gamma coactivator (PGC)-1alpha activation, which in turn, stimulates endothelial nitric oxide synthase in response to shear stress of vascular endothelial cells (Kim, Lee, Kawata, & Park, 2014; Zhang et al., 2006) . This is consistent with work showing that PWV was reduced comparably in relationship to increased nitrite/nitrate concentrations after high-intensity INT or CONT exercise for 6-8 weeks (Hasegawa et al., 2018) , and supports fitness as an important modulator of vascular adaptation.
The dose of exercise might be another independent factor by which arterial stiffness is lowered (Laursen et al., 2015; Parsons et al., 2016) . Laursen et al. (2015) reported that a 10 kJ kg −1 day −1 higher energy expenditure was associated with 0.75% lower aortic PWV in unfit older individuals, whereas Parsons et al. (2016) reported that time spent in moderate-or high-intensity exercise was associated with lower AI.
To date, however, no short-term training study has directly assessed the relationship between exercise dose and arterial stiffness. We demonstrated that greater energy expenditure during exercise was associated with reductions in fasted AI (Figure 2c ). This observation suggests that the dose of exercise might be beneficial for fasted arterial stiffness and contribute to a lowering of blood pressure. The reason that energy expenditure during exercise relates to fasted, but not postprandial, AI is unclear, but it might relate to metabolic factors (e.g. ADP, adenosine, phosphate, pH) that regulate vasodilatation (Bangsbo, Madsen, Kiens, & Richter, 1996; Berne, 1980) . Furthermore, exercise increases the aortic content of elastin and decreases calcium content, thereby leading to a more distensible aorta (Matsuda et al., 1993) . In either case, additional work is warranted to elucidate the mechanism by which the dose of exercise regulates fasting versus postprandial arterial stiffness.
Hyperglycaemia impairs arterial stiffness through an oxidative stress-mediated mechanism (Ceriello, 2003 (Ceriello, , 2010 . We recently demonstrated that high-intensity exercise enhances postprandial endothelial function, in part through reductions in oxidative stress and/or glucose (Malin et al., 2016) . It is reasonable then to expect that the intensity of exercise might improve postprandial arterial stiffness via improvements in glucose control. However, we did not detect greater reductions in arterial stiffness after INT compared with CONT in the postprandial period. Moreover, fasting and 2 h caPWV did not improve in our study, although there was a trend for reductions in the fasted state after both exercise treatments (P = 0.08). One explanation for the lack of effect of exercise intensity might be that glucose tolerance improved to a comparable exent after INT and CONT exercise in these obese adults with prediabetes. Nonetheless, both treatments improved blood glucose, and we observed that reductions in fasting glucose were correlated with lower postprandial AI. This suggests that lowering blood glucose might contribute to improved arterial health postexercise.
Alternatively, in fed conditions, insulin concentrations increase to dispose of glucose, suggesting that insulin, not glucose per se, might contribute to improved arterial health. Insulin is considered a primary determinant of reducing postprandial arterial stiffness in both healthy adults (Giltay et al., 1999) and those with type 2 diabetes (Emoto et al., 1998; Westerbacka et al., 1999) . In the present study, exercise training increased insulin sensitivity when matched on work, and this improvement was significantly related to reductions in postprandial arterial stiffness (Figure 3 ). These findings are in line with previous work suggesting that the duration of exercise, rather than its intensity, is an important factor that impacts the action of insulin post-training (Houmard et al., 2004) . Given that arterial relaxation is stimulated by postprandial insulin responses (Greenfield et al., 2007) , we speculate that the postprandial improvements in arterial stiffness observed herein are mediated, at least in part, by enhanced insulin sensitivity. This is supported by a recent study in rodents showing that highintensity INT and CONT exercise both increase endothelial nitric oxide synthase/Akt phosphorylation (Hasegawa et al., 2018) . Further work is required in humans to understand the mechanism by which insulin acts across the vasculature to improve blood flow after protocols comparing exercise intensity with amount.
This study is not without limitations. Associations do not imply causation, and further work with larger sample sizes of men and women across populations are required to confirm our findings. The use of a 75 g OGTT also limits our ability to determine definitively whether reductions in postprandial arterial stiffness are attributed to increased insulin sensitivity. Although it remains possible that neural influences or other hormones (e.g. GLP-1) influenced vascular function, this study was not designed to test mechanisms, and in future research, use of the euglycaemic-hyperinsulinaemic clamp should be considered to confirm the role of insulin in arterial stiffness after exercise. Our determination of arterial stiffness might differ based on assessments, because in vivo measures fall into three general categories: local (assessed using MRI), regional (assessed using caPWV or brachial-ankle PWV) and systemic (assessed using AI) (Stoner, Young, & Fryer, 2012) . However, the use of AI and caPWV is clinically relevant, and they are validated as predictors of CVD (Woodman et al., 2005) . Future work should also consider assessment of wave decomposition to investigate effects of exercise on forward and backward wave components and reflection/magnitude. We were unable to measure these within the present work owing to technical limitations in the software version at the time of data collection. These data are also delimited to aerobic exercise and should not be generalized to resistance exercise. This is important because recent work suggests that resistance exercise might benefit fasting large artery elasticity (Jefferson et al, 2016) , and few studies have compared exercise modes directly in clinical populations (Rakobowchuk et al., 2005) .
In conclusion, short-term exercise training improves postprandial arterial stiffness in adults with prediabetes, independent of intensity.
Increased aerobic fitness and the amount of exercise play important roles for improving arterial stiffness through increasing insulin sensitivity and/or reducing circulating glucose. Together, these findings have clinical and public health relevance, because individuals with prediabetes are at increased risk for CVD. Therefore, a focus on increasing structured exercise before meaningful weight loss is likely to reduce arterial stiffness for improved CVD risk assessment and treatment.
